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Electronic Spectroscopy and Photochemistry of Methacrolein Oxide: A
Four Carbon Criegee Intermediate from Isoprene Ozonolysis
Abstract

Isoprene is an unsaturated hydrocarbon and the most abundant non-methane hydrocarbon in Earth’s
atmosphere. Atmospheric oxidation of isoprene via reaction with ozone leads to formation of carbonyl oxide
intermediates, known as Criegee intermediates. Methacrolein oxide (MACR-oxide,
(CH2=C(CH3))CHOO), is a four carbon unsaturated Criegee intermediate produced in isoprene
ozonolysis. The aim of this study is to obtain the UV-Visible absorption spectrum of MACR-oxide on a strong
π*¬π electronic transition associated with the conjugated carbonyl oxide and vinyl groups. MACR-oxide is
synthesized in the laboratory by photolyzing a diiodo alkene precursor (1,3-diiodo-2- methylprop-1-ene)
followed by reaction with oxygen that transiently forms a iodoalkene peroxy radical. Subsequent loss an iodine
atom yields MACR-oxide in four conformational forms. MACR-oxide is produced in a quartz capillary
reactor tube and cooled in a pulsed supersonic jet expansion. MACR-oxide is detected by photoionization
using 118 nm VUV radiation on the m/z = 86 mass channel of a time of flight mass spectrometer. UV-Visible
radiation is absorbed and promotes MACR-oxide from its ground state to an excited 11ππ* electronic state.
This results in a ground state depletion that is detected as a reduction in the 118 nm photoionization signal.
The UV-Visible spectrum of MACR-oxide is observed from 315 to 500 nm and peaks at 380 nm. Weak
oscillatory structure is found in the long wavelength region of the spectrum, which can be attributed to
vibrational resonances. Complementary Velocity Map Imaging experiments show that MACR-oxide
dissociates rapidly upon UV-Visible excitation. This assures that the UV-Visible spectrum of MACR-oxide
obtained by the depletion method is equivalent to a direct absorption measurement. The UV-visible spectrum
of MACR-oxide is expected to have broad applicability as a sensitive probe of its unimolecular decay and
bimolecular reactions with trace species relevant in the atmosphere.
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Abstract
Isoprene is an unsaturated hydrocarbon and the most abundant non-methane
hydrocarbon in Earth’s atmosphere. Atmospheric oxidation of isoprene via reaction with
ozone leads to formation of carbonyl oxide intermediates, known as Criegee intermediates.
Methacrolein oxide (MACR-oxide, (CH2=C(CH3))CHOO), is a four carbon unsaturated
Criegee intermediate produced in isoprene ozonolysis. The aim of this study is to obtain
the UV-Visible absorption spectrum of MACR-oxide on a strong p*¬p electronic
transition associated with the conjugated carbonyl oxide and vinyl groups. MACR-oxide
is synthesized in the laboratory by photolyzing a diiodo alkene precursor (1,3-diiodo-2methylprop-1-ene) followed by reaction with oxygen that transiently forms a iodoalkene
peroxy radical.
Subsequent loss an iodine atom yields MACR-oxide in four
conformational forms. MACR-oxide is produced in a quartz capillary reactor tube and
cooled in a pulsed supersonic jet expansion. MACR-oxide is detected by photoionization
using 118 nm VUV radiation on the m/z = 86 mass channel of a time of flight mass
spectrometer. UV-Visible radiation is absorbed and promotes MACR-oxide from its
ground state to an excited 11ππ* electronic state. This results in a ground state depletion
that is detected as a reduction in the 118 nm photoionization signal. The UV-Visible
spectrum of MACR-oxide is observed from 315 to 500 nm and peaks at 380 nm. Weak
oscillatory structure is found in the long wavelength region of the spectrum, which can be
attributed to vibrational resonances. Complementary Velocity Map Imaging experiments
show that MACR-oxide dissociates rapidly upon UV-Visible excitation. This assures that
the UV-Visible spectrum of MACR-oxide obtained by the depletion method is equivalent
to a direct absorption measurement. The UV-visible spectrum of MACR-oxide is expected
to have broad applicability as a sensitive probe of its unimolecular decay and bimolecular
reactions with trace species relevant in the atmosphere.
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Introduction
Volatile Organic Compounds (VOC) in the atmosphere originate from biogenic,
anthropogenic and oceanic sources. On a global scale, the generation of VOC’s from
biogenic sources exceed that from anthropogenic sources. However, in urban
environments, the opposite holds true.1 Anthropogenic sources include combustion
processes, use of fossil fuels, industrial processes and, solvents. VOCs from biogenic
sources include isoprene and α-pinene which play an important role in atmospheric
reactions.2
Isoprene, 1, is the most abundant VOC in the atmosphere after methane. Isoprene
is mostly emitted from different kinds of trees and shrubs. These include oaks, poplars,
eucalyptus and some legumes.3 Recent studies estimate a global isoprene emission of
nearly 600 Tg per annum and accounts for almost one- third of the total hydrocarbons
emitted in the atmosphere.4
Alkenes have different removal pathways from the atmosphere. Alkenes are known
to be very reactive with hydroxyl radicals (OH), ozone (O3) and nitrate radicals (NO3)
(primarily in the nighttime).5 Alkenes are more reactive with hydroxyl radicals than with
ozone. However, the abundance of ozone in the atmosphere is larger than that of hydroxyl
radicals, making the reaction pathway of alkenes, including isoprene, with ozone an
important focus of study.6–8
Isoprene 1 is the most abundant alkene in the atmosphere and can produce three
different Criegee intermediates via ozonolysis. Scheme 19 shows the mechanism of
isoprene ozonolysis. Isoprene 1 has two carbon-carbon double bonds. When ozone adds
to the C(3)-C(4) double bond of 1, it forms a primary ozonide (POZ) 2, which subsequently
breaks apart to form methacrolein oxide (MACR-oxide, (CH2=C(CH3))CHOO) 3, a four
carbon unsaturated Criegee intermediate, and formaldehyde 4, or it could form the simplest
Criegee intermediate, CH2OO 5, and methacrolein 6. Alternately, if the ozone adds to the
C(1)-C(2) double bond of isoprene 1, then it forms an isomeric form of POZ 7, which leads
to the formation of methyl vinyl ketone oxide (MVK-oxide, CH2CHC(CH3)OO) 8 and
formaldehyde 4, or CH2OO 5 and methyl vinyl ketone 9.10,11 MACR-oxide 3, MVK-oxide
8 and CH2OO 5 contain carbonyl oxide groups that are zwitterionic in nature. MACRoxide 3 and MVK-oxide 8 are structural isomers.12–15 Hence, two four-carbon unsaturated
Criegee intermediates, MVK-oxide 8 and MACR-oxide 3, are formed depending on
whether ozone adds across the carbon-carbon double bond with or without the methyl
substitution, respectively. Prior studies estimate that MACR-oxide 3 and MVK-oxide 8
account for approximately 19% and 23% of the Criegee intermediates formed in isoprene
ozonolysis, respectively.12,16 Criegee intermediates are a significant source of OH radicals,
particularly under low light conditions and are also known to react with a variety of
atmospheric species (H2O, SO2, etc.).17–20
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Scheme 1. Ozonolysis of isoprene 1 to form MACR-oxide 3, CH2OO 5, MVKoxide 8, and their respective carbonyl compounds formaldehyde 4, methacrolein
6, and methyl vinyl ketone 9, via the POZ 2, 7 pathway.

Simpler and saturated Criegee intermediates, such as CH2OO 5, CH3CHOO and
(CH3)2COO, are predicted to have different properties than the four-carbon unsaturated
Criegee intermediates like MVK-oxide 8 and MACR-oxide 3.21–23 MACR-oxide 3 and
MVK-oxide 8 have extended p conjugation involving 6 p electrons that extend over the
vinyl and carbonyl group while simpler Criegee intermediates have 4 p electrons across
the carbonyl oxide group.24,25 In addition, each of these four-carbon unsaturated Criegee
intermediates have four conformers. The conformers differ from each other in the
orientation of the vinyl group with respect to the orientation of the oxygen in the carbonyl
oxide group (syn- vs anti-) and in the relative orientation of the C=C and C=O bonds (cis
vs. trans), as shown in Figure 1.14,15,26 These factors significantly change the electronic
properties of MVK-oxide 8 and MACR-oxide 3 from the simpler, saturated Criegee
intermediates. The aim of the current study is to characterize the four–carbon unsaturated
Criegee intermediate, MACR-oxide 3, for the first time, using electronic spectroscopy on
its first strong p*¬p transition. Since the rate of formation of Criegee intermediates from
alkene ozonolysis is much slower than the rate of loss via unimolecular and bimolecular
2

reaction pathways, as observed for 5,27,28 an alternative synthesis pathway, using 1,3diiodo-2-methylprop-1-ene 10 as the precursor, will be employed. This generates sufficient
population to characterize MACR-oxide 3 in this study. The method that will be employed
in this experiment involves electronic excitation of MACR-oxide 3 on its first strong p*¬p
transition coupled with the time of flight mass spectrometry. The resultant experimental
spectrum of MACR-oxide 3 has been supported by theoretical calculations.
MACR-oxide 3 can be formed in four distinct conformers that are separated by
internal rotation about the C=O bond and the C-C bond, as shown in Figure 1. The four
conformers are unlikely to interconvert under the present experimental conditions due to
substantial barriers for rotation about the C=O and C-C bonds.26 Each conformer is
predicted to have distinct but overlapping electronic spectra associated with the first p*¬p
transition.

Figure 1. The four conformers of MACR-oxide: 3a anti-cis MACR-oxide; 3b antitrans MACR-oxide; 3c syn-cis MACR-oxide; 3d syn-trans MACR-oxide, formed upon
isoprene ozonolysis.
MACR-oxide 3 has been theoretically predicted to be involved in bimolecular
reactions with trace species in the atmosphere.29–32 The UV-Visible absorption
spectroscopy can be employed as a tool for detecting MACR-oxide 3 in laboratory
measurements and subsequently studying the rates of bimolecular reactions of this Criegee
intermediate with species like water vapor (monomer and dimer), NOx and SO2, as adopted
previously for the simplest Criegee intermediate CH2OO 5.18,19 These reactions can
produce a wide range of products and can lead to the formation of aerosols, which in turn
affect the air quality and impact climate.33 The outcomes of this research can also be
extended to investigate the thermal unimolecular and bimolecular decay mechanisms of
MACR-oxide 3 under atmospheric conditions.
Materials and Methods
MACR-oxide 3 was generated in situ using Scheme 2 shown in Results and
Discussion from the (E)-1,3-diiodo-2-methylprop-1-ene 10 precursor, that was synthesized
by Trongsiriwat and Walsh at the University of Pennsylvania. The generation, detection
and characterization of MACR-oxide 3 is carried out in a high vacuum chamber that is
coupled with a Time-of-Flight Mass Spectrometry set-up. The precursor 10 is introduced
into a preheated (Peltier thermoelectric heating module; Laird technology, PC4) pulsed
valve (Parker Hannifin Series 9 solenoid valve) at 60 °C (monitored using the Cole Palmer
3

Type K digital thermometer) along with a 20% O2/Ar gas mixture at 12 psi. The gas
mixture is pulsed into a quartz capillary reactor tube (25 mm in length and 1mm in
diameter) and photolysed using a cylindrically focused 248 nm output beam of a KrF
excimer laser (Coherent, COMPex 102, 10Hz, 25mJ per pulse). MACR-oxide 3 is formed
following the photolysis of the diiodo precursor 10 as described in Scheme 2 in the Results
and Discussions section.
MACR-oxide 3 undergoes supersonic jet expansion and travels about 4 cm
downstream to the ion optics region where it is photoionized using 118 nm vacuum
ultraviolet (VUV) radiation. The 118 nm light is generated in a phase matched Xe:Ar gas
mixture by frequency tripling 355 nm light, which is the third harmonic of a Nd:YAG laser
(Continuum Powerlite Series 9010, 10Hz, ~35 mJ/pulse of the 355 nm output beam). The
MACR-oxide ion 3 (m/z = 86) formed from this one-photon ionization process travels
down a field free region of the Wiley-McLaren linear time of flight mass spectrometer (RM
Jordan) and is detected using a pair of microchannel plates. This gives an ionization signal
(m/z = 86) that is related to the ground state population of the MACR-oxide 3.
The UV-Visible depletion of MACR-oxide 3 is induced by introducing UV-Visible
radiation using a broadly tunable BBO-OPO (EKSPLA 342NT, 3-5 ns pulse width, 5 cm−1
linewidth). The VUV ionization step is delayed by ~50 ns compared to the UV-Visible
excitation pulse. The BBO-OPO operates at a repetition rate (5 Hz) of half the frequency
of the ionization radiation (10 Hz). Thus, the UV-Visible radiation induces a depletion in
the ground state of MACR-oxide 3 on every alternate pulse that the 118 nm radiation
ionizes the ground state population of MACR-oxide 3.
The signal output of the BBO-OPO was used in the 410-500 nm region. In the 315409 nm region the sum frequency generation (SFG) of the frequency doubled signal + 1064
nm Nd:YAG was used. The typical output power from the BBO-OPO in the 410-500 nm
spectral region (signal) is up to 60 mJ/pulse, while the output power in the 315-409 nm
(SFG) region is up to 11 mJ/pulse. The OPO wavelength in vacuum was calibrated using
a Coherent WaveMaster wavemeter and the power was measured and adjusted using a
Gentec TPM/300 power meter. In the 315-395 nm region, the BBO-OPO was stepped at 1
nm increments and it was continuously scanned using a 0.5 nm step size in the 395-500 nm
spectral region.
The experimental set up for the depletion method coupled with time of flight mass
spectrometry is shown in Figure 2. In this experimental set-up, the diiodo alkene precursor
10 along with the 20% O2/Ar gas mixture at 12 psi backing pressure is introduced via a
pulsed valve. The 248 nm radiation from the Excimer photolyses the diiodo precursor
preferentially at the C(1)-I bond which reacts with the O2. An iodoalkene peroxy radical 12
is transiently formed with sufficiently high internal energy to rotate about its C-C and C-O
bonds. The iodoalkene peroxy radical 12 then loses the iodine atom and forms the four
conformers of MACR-oxide 3a, 3b, 3c, 3d. MACR-oxide 3 formed undergoes supersonic
jet expansion which cools MACR-oxide 3 to the ground state of each conformer. MACRoxide 3 reaches the ion optics assemble ~ 4 cm downstream where it is detected by the 118
nm VUV radiation that ionizes it from its ground state. Depletion in the ground state is
induced by irradiating MACR-oxide 3 with UV-Visible radiation from the BBO-OPO ~ 50
ns prior to the 118 nm VUV radiation.

4

Figure 2. A schematic representation of the TOF-MS set-up in which the electronic
spectrum of MACR-oxide 3 was elucidated. The diiodo alkene precursor is introduced
in the pulsed valve along with the 20% O2/Ar carrier gas mixture at 12 psi pressure.
The 248 nm radiation (blue) from the Excimer laser photolyzes the diiodo alkene
precursor 10 forming MACR-oxide 3 (as shown in Scheme 2). The MACR-oxide 3
undergoes a supersonic jet expansion and reaches the ion optic assembly ~4 cm
downstream, where the UV-Visible radiation (purple) is introduced ~50 ns prior to
excitation with the 118 nm VUV radiation (green) that ionizes MACR-oxide 3, and is
detected as MACR-oxide+ 3 at m/z = 86 in the TOF-MS.
Results and Discussion
Scheme 2 shows the method used in the laboratory to form MACR-oxide 3. The
(E)-1,3-diiodo-2-methylprop-1-ene precursor 10 is photoyzed at 248 nm to produce a
resonantly stabilized monoiodo alkene radical 11. Photolysis at 248 nm is expected to
preferentially dissociate the weaker C(1)-I bond to form a mono-iodoalkene radical 11. The
radical formed is resonance stabilized and can react with O2 to form a transient
monoiodoalkene peroxy radical 12. Due to sufficiently high internal energy of the
monoiodo alkene peroxy intermediate 12, the C-I bond breaks leading to the loss of the
Iodine atom. Rotations about the C-C and C-O bond leads to the formation of all four
conformers of MACR-oxide 3a, 3b, 3c, 3d. MACR-oxide 3 is collisionally stabilized in
the capillary and subsequently undergoes a supersonic jet expansion into vacuum.

5

Scheme 2. (E)-1,3-diiodo-2-methylprop-1-ene 10 is photolyzed, producing
resonantly stabilized mono-iodo alkene radicals 11, which is followed by O2
addition to transiently form an iodoalkene peroxy radical 12 and loss of I-atom
to form MACR-oxide 3.

Four conformers of MACR-oxide 3 formed have been predicted to have similar
ground states energies but have substantial barriers for interconversion. Stationary point
optimizations of MACR-oxide 3 were calculated at the B2PLYP D3/cc-pVTZ level of
theory. The energies of each conformer were then evaluated at the CCSD(T)-F12/CBS(TZf12,QZ-F12)//B2PLYP-D3/cc-pvtz level of theory. Table 1 shows the relative ground state
energies of the four conformers formed which is in agreement with the trend in ground
state energies computed for this system previously.15
Table 1. Relative ground state energies (∆E) for the four conformers of MACRoxide 3 are calculated at the CCSD(T)-F12/CBS(TZ-f12,QZ-F12)//B2PLYP-D3/ccpvtz level of theory including Zero Point Energy (ZPE) correction.
MACR-oxide
conformer
anti-cis 3a
anti-trans 3b
syn-cis 3c
syn-trans 3d

∆E / cm-1
(kcal mol-1)
1112 (3.18)
0 (0.00)
317 (0.91)
873 (2.50)

This is the first time that MACR-oxide 3 has been synthetically created, isolated
and characterized in the laboratory. Production of the ground state MACR-oxide 3 is
demonstrated by the photoionization signal obtained using the 118 nm VUV radiation (10.5
eV) at the parent mass channel at m/z = 86. Based on theoretical calculations, as shown in
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Table 2, the 10.5 eV radiation exceeds the ionization energy threshold of all the four
conformers of MACR-oxide 3 which are in the range of 8.71- 9.15 eV.
Table 2. Vertical (VIE) and adiabatic (AIE) ionization energies computed at the
CCSD(T)-F12/CBS(TZ-F12,QZ-F12)//B2PLYP-D3/cc-pVTZ level of theory for
the four conformers of MACR-oxide 3

a
b

Conformer

VIE (eV)b

AIE (eV)a

anti-cis 3a
anti-trans 3b
syn-cis 3c
syn-trans 3d

8.90
8.85
9.17
8.90

8.77
8.73
9.01
8.78

Including ZPE correction.
Without ZPE correction.

It is calculated that all four conformers of MACR-oxide 3 have similar ionization
efficiencies. When subjected to the UV-Visible radiation approximately 50 ns prior to the
118 nm VUV radiation, the MACR-oxide 3 is excited to the 11pp* state from the ground
state. This UV-Visible excitation resonant with the p*¬p transition depletes the ground
state population of one or more conformers of MACR-oxide 3. The excitation to the 11pp*
state is theoretically predicted to be coupled with repulsive states and hence rapidly
dissociates along the O-O bond of MACR-oxide 3. Once incident with the UV-Visible
radiation prior to 118 nm photoionization, only the remainder of the ground state
population of MACR-oxide 3 is detected at mass channel m/z = 86. The incident UVVisible radiation dissociates MACR-oxide 3 in the excited state faster than the time lag of
50 ns between the UV- Visible and 118 nm radiation. This leads to a decrease in the
intensity of the signal at mass channel m/z = 86 when MACR-oxide 3 is irradiated with the
UV-Visible radiation.
Figure 3 shows the change in the 118 nm induced photoionization signal at the
mass channel m/z = 86 due to the p*¬p electronic transition of MACR-oxide 3 caused by
the UV-Visible radiation. When excited to the 11 pp* state by the UV-Visible radiation,
MACR-oxide 3 rapidly dissociates and the 118 nm radiation only detects the remainder of
the population of MACR-oxide 3 in the ground state. This gives rise to the depletion of the
photoionization signal on the mass channel m/z = 86.

7

Figure 3. The UV-Visible laser excites the first p*¬p transition of MACR-oxide 3,
which causes a depletion in the ground state population of MACR-oxide 3. The 118
nm VUV radiation (light blue) ionizes MACR-oxide 3 (m/z =86) in its g state and
monitors the change in ground state population of MACR-oxide 3 induced by the UVVisible radiation (dark blue). The difference (magenta trace) between the
photoionization signal when the MACR-oxide 3 is irradiated and not irradiated with the
UV-Visible, is indicative of the ground state population depletion due to the p*¬p
electronic transition. The gray region in the ionization scheme represents the ionization
continuum of MACR-oxide+ 3.
An alternating UV-Visible radiation gives the fractional depletion of MACR-oxide
3 as given by Equation 1:
% Depletion = ((N0 - N)/N0 )×100%

(1)

with N0 and N being the ground state abundance before and after the UV excitation
respectively.
The absorbance σ(λ), at each wavelength λ, can be calculated from these depletion
measurements using Equation 2:
σ(λ) = -ln((N0 - N)/N0 )F(λ)

(2)

Here, as per equation (1), (N0 − N)/N0 is the magnitude of the depletion of the ground state
and Φ(λ) is the photon flux.
The variation in percentage depletion of MACR-oxide 3 at the mass channel m/z =
86 was monitored over a change in the power of the incident 360 nm UV radiation from
the BBO-OPO. The ground state depletion at 360 nm increases with UV power to a
8

maximum of 35%, as shown in Figure 4. A minimum depletion of 2-3% can be reliably
measured.

Figure 4. Percentage depletion of the MACR-oxide+ 3 ion mass channel as a function
of the power of the incident 360 nm radiation from the BBO OPO. The power
dependence plot shows that the absorbance corresponding to the percentage depletions
has linear dependence (dashed line) extended up to a power of ~3.6 mJ/pulse of the
incoming radiation indicating the one-photon process in this power range. The error
bars represent the standard deviation (±1σ) resultant from repeated measurements.
Equation 2 is employed to obtain the absorption cross section based on the ground
state population change when the MACR-oxide 3 molecules are subjected to UV-Visible
excitation. Figure 4 shows that the absorbance scales linearly with the OPO power up to
3.6 mJ/pulse at 360 nm. This indicates that the absorption is a one-photon process in this
power region. The power of the UV-Visible radiation was maintained at approximately 2.5
mJ/pulse to stay in the linear regime of the power curve.
Figure 5 shows the spectrum for MACR-oxide 3 obtained experimentally. The
spectrum obtained is normalized to power. The resultant spectrum is broad and spans the
315-500 nm region. The data points obtained are averages of repeated measurements. The
shaded region represents the ±1σ uncertainty in measurements. The spectrum peaks at 380
nm. On the shorter wavelength side, the spectrum initially falls till 340 nm and then starts
rising again from 340-315 nm. On the longer wavelength side, the spectrum shows some
oscillatory structure. The oscillatory structure is superimposed on a broad Lorentzian
profile that peaks at 378.4 nm. This accounts for 90% of the signal in this spectral region.
The oscillatory structure accounts for 10% of the signal and are fit to Lorentzians that have
local maxima at 416.4 nm, 430.9 nm, and 448.1 nm, respectively. In Figure 5, the
theoretically computed Vertical Excitation Energy for the four conformers of MACR-oxide
3 at the CASPT2(12,10)/AVDZ level of theory has been plotted with the experimentally
obtained spectrum.

9

Figure 5. The UV-Visible absorption spectrum of MACR-oxide 3 obtained from the
depletion method coupled with the Time-of- Flight Mass Spectrometry. The depletions
were recorded using the photoionization signal obtained at the mass channel m/z = 86.
The points on the spectrum represent the experimentally obtained UV-Visible spectrum
of MACR-oxide 3. The solid curve is a fit (5 points smooth) and the shaded gray region
indicates the uncertainty owing to repeated measurement taken during experiments. The
solid bars represent the calculated Vertical excitation energy (VEE) for the first p*¬p
electronic transition to the 11 pp* state of the four conformers of MACR-oxide 3. The
blue, red, green and purple bars represent the VEE for the anti-cis 3a, anti-trans 3b,
syn-cis 3c, and syn-trans 3d conformers respectively calculated at the
CASPT2(12,10)/AVDZ level of theory.
Previous studies of Criegee intermediates have shown that they have a strong p*¬p
electronic transition due to the four p electrons in the zwitterionic carbonyl oxide group
(C=O+O-). The oscillator strength is quite large (f ~ 0.1)21–23,34,35. From previous
experimental studies, for the simpler Criegee intermediates like CH2OO 5, syn-CH3CHOO,
anti- CH3CHOO, (CH3)2COO and the C2H5CHOO, the UV-Visible spectra peaked at 335
10

nm21,36,37, 320 nm38–40, 360 nm39, 323 nm23, and 322 nm23 respectively. However, for the
unsaturated, four carbon Criegee intermediate MVK-oxide 8, the absorption spectrum was
shifted to relatively longer wavelengths. Figure 6 shows the UV-Visible absorption spectra
for MACR-oxide 3 and MVK-oxide 8. MVK-oxide 8 showed an absorption maxima at 388
nm41. This can be attributed to the extended p conjugation involving 6 p electrons across
the vinyl and carbonyl group. Similar results have been observed in the present study on
MACR-oxide 3. Being isomers of each other, MVK-oxide 8 and MACR-oxide 3 have
comparable.

Figure 6. The UV-Visible spectra for MACR-oxide 3 (solid line) and MVK-oxide 8
(dashed line) obtained by the depletions observed at photoionization mass channel m/z
= 86. The peak heights of the two spectra have been set equal to one another for
comparison. The shaded gray region is the uncertainty calculated as a result of repeated
measurement.
Figure 7 shows the UV-Visible absorption spectra of the simpler Criegee
intermediates including CH2OO37 5 and (CH3)2COO23 in comparison with the spectra
obtained for MACR-oxide 3. Figure 7 shows that the spectrum for the simpler Criegee
intermediates, CH2OO37 5 and (CH3)2COO23, peak at lower wavelengths with respect to
MACR-oxide 3. CH2OO 5 and (CH3)2COO have peak maxima at 355 nm and 320 nm
respectively while MACR-oxide 3 peaks at 380 nm. This spectral shift is observed since
MACR-oxide 3 has extended p conjugation involving 6 p electrons that extend over the
vinyl and carbonyl oxide groups, while simpler Criegee intermediates have 4 p electrons
across the carbonyl oxide group. An extended π conjugation in the unsaturated Criegee
intermediate, MACR-oxide 3, lowers the transition energy of the molecule with respect to
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the transition energy of saturated simpler Criegee intermediates, CH2OO 5 and
(CH3)2COO.

Figure 7. Comparison of the electronic absorption spectra of the simple Criegee
intermediates (CH2OO 5 in black and (CH3)2COO in red) with the spectra of conjugated
Criegee intermediates (MACR-oxide 3 in blue). The peak maxima of the absorption
spectrum of MACR-oxide 3 (380 nm) is shifted to longer wavelengths with respect to
the peak maxima of the CH2OO (355 nm) 5 and (CH3)2COO (320 nm) absorption
spectra. The peak heights of the three spectra have been adjusted for comparison.
Figure 6 and Figure 7 clearly show that the UV-Visible absorption spectrum for the
unsaturated four-carbon Criegee intermediate, MACR-oxide 3, is shifted to longer
wavelengths with respect to the simpler and smaller Criegee intermediates, CH2OO 5 and
(CH3)2COO. The oscillatory features observed in the longer wavelength regime of MACRoxide 3 can be compared to the oscillatory features observed in CH2OO 5.
As shown in Figure 5, the syn-cis MACR-oxide 3 is predicted to have a vertical
transition at 342 nm while the other three conformers have vertical transitions in the 374380 nm range. The spectrum due to the 1st p*¬p electronic transition of MACR-oxide 3
peaks at 380 nm which is in very good agreement with the theoretically predicted vertical
excitation energy of the three conformers of MACR-oxide 3 in the 374-380 nm range. This
indicates that the spectrum recorded is indeed due to the 1st p*¬p electronic transition of
MACR-oxide 3. The 1st p*¬p electronic transition is quite strong since the ground state
depletes significantly. Table 3 shows the wavelength (λ/nm) associated with the vertical
excitation energies (VEE in eV), along with the oscillator strengths (f ) theoretically
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predicted for the two strong transitions to the 11pp* and 21pp* states for the four
conformers of MACR-oxide 3.
Table 3. Vertical excitation energies (VEE, eV), corresponding wavelengths
(λ/nm), and oscillator strengths (f) of MACR-oxide 3, starting from the B2PLYPD3/VTZ optimized geometries, computed at the CASPT2(12,10)/AVDZ level of
theory for the p*¬p electronic transition.
MACR-oxide conformer
anti-cis 3a

anti-trans 3b

syn-cis 3c

syn-trans 3d

VEE/eV (λ/nm)

f

VEE/eV (λ/nm)

f

VEE/eV (λ/nm)

f

VEE/eV (λ/nm)

f

3.26 (380)

0.093

3.31 (374)

0.116

3.62 (342)

0.057

3.29 (377)

0.094

4.07 (304)

0.083

4.31 (288)

0.082

4.36 (285)

0.062

5.43 (228)

0.110

The experimental spectrum obtained is very broad which can be attributed to the
overlapping electronic spectra of the four conformers that were theoretically calculated.
Figure 8 shows the vertical transitions of the four conformers superimposed with the
theoretically predicted spectrum. The vertical excitation energies to the 11pp* and 21pp*
states calculated at the CASPT2(12,10)/AVDZ level of theory. The heights of the vertical
excitation energy bars correspond to the calculated oscillator strengths of the respective
conformers. The theoretical spectrum computed for each conformer of MACR-oxide 3
along with its cumulative spectrum, as shown in Figure 8, assumes that all four conformers
of MACR-oxide 3 are equally populated. The cumulative spectrum has been rescaled by a
factor of 1.5.
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Figure 8. A plot of the theoretically calculated spectra for the four conformers of
MACR-oxide 3 compared to the excitation energy and oscillator strengths of each of
the conformers for the 1st and 2nd p*¬p electronic transition of MACR-oxide 3. The
vertical bars represent the vertical excitation energies to the 11pp* and 21pp* states.
Four solid curves in blue, green, red and purple correspond to the calculated spectra
obtained for the anti- cis 3a, anti- trans 3b, syn- cis 3c, and syn- trans 3d conformers
of MACR-oxide 3 respectively. The black dashed curve represents the cumulative
spectrum (rescaled by a factor of 1.5) obtained by summing the spectra of the individual
conformers assuming that the four conformers of MACR-oxide 3 are generated in equal
concentrations.
On the shorter wavelength region, the rise in the spectrum beyond 340 nm is
attributed to the second p*¬p electronic transition to the 21pp* state of the four
conformers of MACR-oxide 3 based on theoretical calculations. This transition is more
likely due to the vinyl group.
In the spectral range 380- 500 nm, the weak oscillatory structures have been fitted
to local Lorentzian functions as mentioned previously. These structures could be due to
two reasons. The first reason could be that these are the peaks of the overlapped spectra of
the four conformers of MACR-oxide 3. However, since the vertical excitation energies of
the four conformers are similar and broad in the spectral domain, it is unlikely that these
features are due to the overlap of the electronic spectra of the four conformers.
The other more probable reason for these weak oscillatory structures is attributed to the
short-lived vibrational resonances associated with the 11pp* electronic state. Similar
oscillatory structure has been observed in the spectra for the simplest Criegee, CH2OO
5.36,37,42,43 These features are known as “resonances” in technical terms. When the wave
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function is “on-resonance” the wavefunction appears as a bound state wavefunction that
dwells mainly in the potential well, making the probability to find the wave packet, in the
said energy state, very high. These oscillatory features are observed when the energy
provided to the system is “on–resonance”. The spacing between two such oscillatory
features is indicative of the energy gap between two consecutive vibrational states in the
electronic excited state. The spacing would depend on the energy gap between two states
and the shape of the potential energy surface to which the wavefunction has been projected
as a result of UV-visible excitation.44,45 The oscillatory structures observed in CH2OO 5
were attributed to short-lived resonances originating from closely spaced vibrational
structure due to several modes like the O-O stretch and COO bending modes in the excited
B1A՛ electronic state.
In MACR-oxide 3, the excitation from ground state to 11pp* state is nonadiabatically coupled with a highly repulsive state. Upon excitation to this state, the
coupling of the 11pp* excited state with the (n/p)s* repulsive state forms a quasi- bound
state. Resonant excitation of MACR-oxide 3 to the quasi-bound state is what results in the
oscillatory features observed in the long wavelength region of the MACR-oxide 3
absorption spectrum. The oscillatory structure in the MACR-oxide 3 spectrum is likely
from several vibrational modes including the O-O stretch along the dissociation coordinate
from possibly the different conformers of MACR-oxide 3.
To unravel the distinct contributions of the four conformers of MACR-oxide 3 the
UV-Visible absorption spectrum of MACR-oxide 3, particularly the features in the long
wavelength tail region, the individual spectra of the four conformers of MACR-oxide 3
need to be deconvoluted. This would require separation of the conformers and elucidation
of their respective contributions to the spectrum.
Other isomers may be created at mass channel m/z = 86 as shown in Scheme 3. For
example, isomers could be created at the source at mass channel m/z = 86 in this experiment
if oxygen adds at the C1 site of the intermediate 11 formed upon photolysis rather than the
C3 site. An isomer of MACR-oxide 3, namely dioxole 14, could result as the final product
on the mass channel m/z = 86. In addition, MACR-oxide 3 could possibly undergo
unimolecular rearrangement pathways to generate other isomers at m/z =86. Dioxole, along
with other isomers formed, could contribute to the photoionization signal obtained at mass
channel m/z = 86.
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Scheme 3. Possible generation of dioxole 14, an isomer of MACR-oxide 3 from
(E)-1,3-diiodo-2-methylprop-1-ene 10.

However, these isomers are not predicted to absorb in the UV-Visible region that
corresponds to the first p*¬p transition of MACR-oxide 3 and should not contribute to
the depletions in the m/z = 86 photoionization signal. However, the possibility of isomers
being formed and detected by photoionization on m/z = 86, could result in the
underestimation of percentage depletion and resultant cross-section of MACR-oxide in this
wavelength region.
To gain a better understanding of the electronic spectroscopy of MACR-oxide 3,
Velocity Map Imaging (VMI) experiments were conducted by coworkers in this laboratory.
The VMI experiments show MACR-oxide 3 undergoes photodissociation to MACR X1A՛
+ O1D products essentially across its whole UV-vis spectrum. Anisotropic angular
distributions of the VMI images indicated that photodissociation of MACR-oxide 3 occurs
faster than its rotational period (ca. 100 ps). Rapid dissociation of MACR-oxide 3 in the
excited π* electronic state prevents the subsequent photoionization of the electronically
excited MACR-oxide 3. This assures that the spectrum obtained using the depletion method
is equivalent to a direct absorption measurement.

16

Conclusion
This is the first every laboratory synthesis and direct observation of methacrolein
oxide 3 using UV-Visible spectroscopy coupled with the Time of Flight Mass
Spectrometry. The electronic spectrum obtained from MACR-oxide 3 in the spectral region
315- 500 nm agrees well with theory for the 1st π*←π transition. Although theory does not
predict the oscillatory structure obtained in the long wavelength region of the MACR-oxide
3 spectrum, the oscillations can be attributed to resonant transitions to the vibrational states
in the excited electronic state that have very short lifetimes. These vibrational states can
involve several modes in the MACR-oxide 3 molecule including the dissociation
coordinate along the O-O bond. The photoexcitation of MACR-oxide 3 in this wavelength
region induces a π*←π transition from ground state to the 11ππ* state. The 11ππ* couples
with repulsive states (n/π) σ* that cause dissociation of MACR-oxide 3 in the excited state
faster than one period of rotation of the MACR-oxide 3 molecule (ca. 100 ps). UV-Visible
excitation of MACR-oxide 3 leads to a depletion in the photoionization signal observed 50
ns later using the 118 nm VUV radiation. The depletions obtained can be associated with
an absorbance in this wavelength region. The resulting UV-Visible spectrum obtained can
be considered equivalent to a direct absorption measurement.
The spectrum obtained for MACR-oxide 3 can have several applications. This
spectrum could help understand unimolecular decay pathways, self- reaction and the
bimolecular reaction pathways as it provides a direct method to probe the MACR-oxide 3
molecules. MACR- oxide 3 is an important atmospheric species, and is expected to react
with other molecules in the atmosphere like water vapor (H2O and (H2O)2), NOx, SO2, etc.
Characterization of MACR-oxide 3 by obtaining its strong UV-Visible absorption
spectrum makes it possible to understand and probe the reaction pathways and rates of
reaction of MACR-oxide 3 with trace molecules in the atmosphere.
Future Direction
The current study only explores the 1st p*¬p electronic transition to the 11 pp*.
The 2 p*¬p electronic transition to the 21 pp* state needs to be studied in future studies.
An indication of this higher energy transition is observed to be starting in the current
spectrum beyond 340 nm on the shorter wavelength side. However, the obstacle in
measuring the spectrum beyond 300 nm in the present experimental set up is that the work
function of stainless steel is 290 nm. Hence any radiation with energy higher than that will
cause the scattered light to generate photoelectrons. Although the experiment is conducted
in vacuum conditions (10-7 Torr) there are other gas molecules and possibly oil from the
diffusion pumps creating the very low-pressure conditions in the vacuum chamber. The
photoelectrons created can ionize these molecules present in the chamber to create peaks
on other mass channels in the mass spectrum. This causes interference with the mass peak
at m/z = 86 making the depletion measurements in the spectral region 210-300 nm not
reliable for collecting conclusive results. The solution to this problem is multi fold and
involves the possible installation of mass filters to gate only those masses that need to be
observed by pulsing the detector with high voltage only at certain times. Other approaches
include the use of Brewster’s window along with baffles to minimize scattering within the
chamber.
nd
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Another primary aspect of the experiments that can be conducted in the future
includes the separation of the four conformers of MACR-oxide 3. The relative population
of each conformer is unknown in this study but can be investigated in future research. The
reaction rates of the anti-conformer of MACR-oxide 3 with water, water dimer, and
methanol have been calculated to be faster than the syn-conformer. 29,30,32 Rate coefficient
for the reaction of methanol with the anti-conformer and syn-conformer of MACR-oxide
3 has been calculated to be on the order of 10-13 cm3mol-1s-1 and 10-16 cm3mol-1s-1
respectively.29 In previous experiments conducted in the Lester laboratory, bimolecular
reactions have been conducted with organic acids.46,47 A future project could include the
introduction of methanol into the sample line along with the current experimental set up to
react away the anti-conformer of MACR-oxide 3 faster than the syn-conformer since the
reaction rate of the anti-conformer is predicted to be 1000 times faster than that of the synconformer of MACR-oxide 3.29 This will not only help separate the different conformers
but also lead to the separation of the spectra of the different conformers.48 It will give an
idea of the amount of each conformer created in the present experimental set up. Moreover,
it will also give an estimate of the contribution of each conformer to the spectrum currently
recorded.
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Appendix 1. Terms and Definition
UV Spectroscopy: It is a method which uses electromagnetic radiation in the Ultraviolet
Region for light-matter interaction to excite molecules from the ground electronic state
to an electronically excited state.49
Supersonic expansion: A supersonic expansion occurs when a high-pressure gas is
expanded through a small orifice into vacuum such that the gas undergoes adiabatic
expansion leading to a fall in the temperature of the gas. Since the gas is actually a
mixture of buffer gas with a small percentage of the molecule that is to be studied, the
molecules undergo many, many collisions with the buffer gas. In these collisions, the
sample molecules acquire the temperature of the abundant carrier gas and cools down,
losing most of its vibrational and rotational energy. This situation is ideal for doing
spectroscopy because it greatly reduces the number of transitions the molecule can
undergo.50
BBO OPO: Barium borate is an inorganic compound, a borate of barium with a chemical
formula BaB2O4 or Ba(BO2)2. BBO crystals are bifringent and have non-linear
properties. It is a Second Harmonic Generating crystal and has a high SHG coefficient.
It also has a wide transparent waveband, low grounserature coefficient of refractive
index, broad phase-matched range, good chemical stability, high damage threshold,
and is not deliquescent.51 An optical parametric oscillator (OPO) uses the principle of
second-order nonlinear optical interaction to convert an input laser wave (called
"pump") with frequency ωp to two output waves of lower frequency, “signal” (ωs) and
“idler” (ωi) by means of second-order nonlinear optical interaction. The OPO consists
of two major components, namely the optical resonator and the non-linear optical
crystals. The optical resonator facilitates optical oscillations of the signal and/or idler
waves while the crystals induce optical interaction of the pump, signal and idler waves
to promote parametric amplification of the signal and idler waves and deamplifies the
pump wave. The final output from an OPO depends on the gain due to the resonant
oscillations and losses due to these oscillations and other optical components in the
OPO.52 OPOs that use BBO crystals for parametric generation of radiation are called
BBO OPOs.
Time-Of-Flight
Mass
Spectrometry
(TOF-MS):
Time-of-flight
mass
spectrometry (TOFMS) is a method in which a molecular ion of mass –by- charge
ratio (m/z) approaches the detector with different velocities in a vacuum chamber.
Greater the m/z ratio, the longer will it take for the ion to reach the detector with
respect to other ions with lower m/z ratio in the vacuum chamber when accelerated
through the same potential. The time that it subsequently takes for the ion to reach a
detector at a known distance is measured. From this ratio and previously known
experimental parameters the ion can be identified based on its time of arrival at the
detector.53
Vertical Ionization Energy (VIE): VIE refers to the energy required by a molecule in the
ground state to transition to the molecular ion without any change in its geometry.
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This implies that the transition may have been from the lowest vibrational state of the
molecule but it may not be necessarily excited to the lowest vibrational state of the
molecular ion. The value of VIE is governed by the Franck- Condon principle.54,55
Adiabatic Ionization Energy (AIE): AIE refers to the energy required by a neutral
molecule to get ionized from its lowest vibrational state in the ground state to the
lowest vibrational state of the molecular ion. The specific equilibrium geometry is
independent of this value.54,55
Zero Point Energy (ZPE): The lowest energy of a quantum mechanical system cannot be
zero. Even in the ground state, the wavefunction is bound to undergo fluctuations. In
order to satisfy the Heisenberg’s uncertainty principle, the lowest energy of a system
cannot be the lowest point of the potential energy surface. This gives rise to the lowest
possible energy of a quantum mechanical system in the ground state which is termed
as Zero Point Energy.56,57
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